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3 
1,o  IEJTRODUCTION 

It I s  generally accepted, and r i g h t l y  so, t h a t  t h s  advent of 
nuclear reactors has caused the wri t ing of a completely new chapter 
i n  the cextbooks of material  technology. Not only have new theories 
of materials been evolved, new handling and fabr ica t ion  procedures 
innovated but more importantly, and we might say t o  our own d ismy,  
new conditions of r e s t r a i n t  have been placed on material applica- 
t ion.  It i s  almost as though we have been deprived of one degree 
of freedom i n  our former and more conventional design and applica- 
t i o n  phflosophies. As a matter of f ac t ,  some dedicated materials 
technologfsts might express the opinion tha t  i n  t h i s  new nuclear 
phase of our technology we have been deprived of almost a l l  degrees 
of freedom. This latter comment is  more facetious than f a c t f u l  f o r  
we have a l l  personally witnessed the successful application of 
nuclear e n e r a  t o  power reactors as well as propulsion reactors .  
However, this i s  not t o  mitigate i n  any way the pertinency of the 
above comments but i s  more t o  re f lec t  c r ed i t  on the ingerruity of 
lvan a 

I n  l imit ing t h i s  lecture t o  aldiscussion of nuclear propulsion 
systems f o r  space application, i t 'might  appear t h a t  t h i s  r e s t r i c -  
t i o n  I n  i t s e l f  might lessen t h  L technical complexity of the assign- 
ment. Ut me assure you, however, t h a t  t h i s  i s  not the case. What 
it does do 13 eliminate many materials, and I &-@it say many 
current ly  operable nuclear systems, from our conslderation and 
causes us t o  focus our a t tent ion on a narrower range of materials 
and concepts. Whether o r  not th i s  lessens the complexity of our 
objective i s  a moot point.  

0 

A s  another word of introduction I think it i s  well t o  empha- 
sSze tha t  t h i s  discussion today ofjmaterials f o r  nuclear propulsion 
systems in space hould not convey the impression tha t  these are  
the only problem SF facing the materials er@neer, Many plcaoblems 
of equal technical importance both precede and follow the con- 
s iderat ions which form the subject matter of t h i s  lecture .  Such 
problems as nuclear fuel production and fabrication, a l loy  develop- 
ment, fuel r ecoveq  and reprocassing and material  property evalua- 
t ion,  t o  mention only a few, are a l l  face ts  of nuclear materials 
technology and are jus t  as necessary t o  the success of our nuclear 
space program as our chosen subject matter. However, l imi ta t ion  
of time precludes the assignment of equal consideration t o  a l l  of 
these categopies and it  w i l l  suffice f o r  the moment t o  merely 
acknowledge their  existence 

+ 

The condition of r e s t r a i n t  referred t o  above i s  obviously a 
nuclear one and requires that considerations of radiat ion damage 
and neutron conservation be included i n  our evaluations of materials 
f o r  possible reactor applfcatflon. 
Consideration i n  a program of material selection, f o r  reactor  
r e l i a b i l i t y  as well as reactor performance eff ic iency are deter-  
mined t o  a great exzent by these concepts. 

Both fac tors  must be given ea r ly  

0 
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material  select ion i n  each of these areas w i l l  a i d  i n  ident i fying 
t h e  niijor problems confronting any material select ion program. I n  
each category of the discussion the purpose of each component w i l l  
be reviewed, f o r  i t  w i l l  be seen that  t h i s  spec i f ic  function exerts  
a major inf'luence on material selection. 

Pefore proceeding t o  a discussion of the individual reactor  
coqonents,  it might be well t o  review the schematic diagram of a 
typ ica l  nuclear reactor  shown i n  Figure 1, Briefly,  the neutrons 
produced by f i s s i o n  of the nuclear f u e l  i n  the  f u e l  elements must 
be moderated (slowed down) t o  allow them t o  be captured o r  absorbed 
by other f u e l  atoms t o  propagate the f i s s i o n  reaction. The heat 
released i n  t h i s  f i s s i o n  reaction is  transferred t o  the coolant 
flowing through the reactor core. The r e f l ec to r  functions t o  con- 
serve neutrons and i n  e f f ec t  r e f l ec t s  many neutrons back i n t o  the  
core which would otherwise escape. The sh ie ld  of fe rs  protection 
t o  components and personnel outside the reactor  core by decreasing 
the  levels  of nuclear r a d i a t i o n  (neutrons, alpha, beta, and gamma 
rays) which penetrate the  cope. The outer s t ructure  provides f o r  
containment and support. 

2.0 FUEL EI.ZME"S 

The f u e l  elements ape the power producers of the nuclear 
reactor  and it  i s  these components which are responsible f o r  the 
existence of all the other reactor components. For example, i f  
these reactors  were self-controlling, there would be no need f o r  
control  materials and i f  they were self-moderating o r  required 
no moderation there would be no need f o r  moderators. I n  view 
of t h i s  important r o l e  of the f u e l  element, it requires very 
special  consideration i f  very special  performance is  t o  be 
achieved. Fmthermore, since the operating temperature of the 
f u e l  element i s  higher than i n  any other pa r t  0% the reactor,  
the select ion of these materials i s  correspondingly more com- 
plax 0 

0 

I -  

I n  general the tem, f u e l  elemant, applies t o  an in t eg ra l  
s t ruc ture  containing the  nuclear fuel i tself ,  any matrix material 
i n  which the f u e l  might be dispersed, and any cladding material 
which might be employed f o r  corrosion resis tance and re ten t ion  
of f i s s i o n  produc 
of these aspec ts .  require three d i f f e ren t  materials, 
the material select ion procedures are necessarily compounded e 
Further since these individual materials must possess d i f f e ren t  
properties,  it w i l l  serve a useful purpose i f  we discuss each 
segment of t h i s  s t ructure  separatelyo 

a s t ruc ture  employing a l l  three 
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2 . 1  FiJel Material 
The basic nuclear f u e l  materials a re  U233, U235 and Pu 239 0 

which might at  first l ead  one t o  believe tha t - the  select ion of 
the f u e l  material would be re la t ive ly  straightforward However, 
t h i s  i s  unfortunately not the case, f o r  these species need not be 
used i n  t h e i r  atomic form, but may be used ju s t  as conveniently 
and usually more conveniently i n  a l loy  o r  compound forms. The 
a b i l i t y  t o  employ fue l s  as uranium compounds wi th  o ther  elements 

cedures, f o r  the number of possible combinations i s  qui te  large.  
A l i s t  of some of the current uranium compounds ( i n  t h i s  d i s -  
cussion we w i l l  confine our remarks t o  sol id  f u e l  materials)  now 
under consideration i s  shown i n  Table 1. The advantage afforded 
by these materials i n  melting point alone is  evident when we 
consider t h a t  the melting point of uranium metal i s  about 113OOC. 
Since the melting points shown i n  Table 1 are a l l  e s sen t i a l ly  
the  same, the select ion of the material t o  be used i n  a given 

4 i n j e c t s  an extensive l a t i t ude  into our material  se lec t ion  pro- 

application is  dictated t o  a great 
compatibility of the f u e l  material 

extent by considerations of 
with the matrix and clad 

materials. - 

2.2 Matrix Material 

f u e l  element by capsulating 
Table 1 i n  a su i tab le  con- 
i f  ever an acceptable struc- 

While i t  i s  possible t o  form a 
any of the  f u e l  compounds given i n  
t a i n e r  o r  cladding, t h i s  i s  seldom 
ture  f o r  power reactors  of the type under considerit ion.  
almost every instance i t  is  desirable, and i n  many cases impera- 
t ive ,  t h a t  the f u e l  compound be dispersed i n  some matrix material. 
For example, i n  the case of U02 the thermal conductivity of t h i s  
matez?ial i s  s o  low t h a t  the generation of high power density 
would lead t o  such extremely high temperature gradients within 
the material t h a t  mel t ing might be encountered a t  the  mid-plane 
of the matrix. It becoms necessary i n  such cases t o  disperse 
t h i s  material  i n  a continuous matrix of a higher thermal con- 
duc t iv i ty  material t o  enhance the heat t r ans fe r  charac te r i s t ics .  
I n  additlon t o  thermal conductlvitg, such considerations as low 
strength, b r i t t l eness  and perhaps poor thermal shock resis tance 
may a l s o  suggest such measures. 
elements are quite common, and reference i s  made t o  the well- 
known s t a in l e s s  steel-UO2 dispersion type and the Nichrome-U02 
t n e  or ig ina l ly  prepared f o r  use i n  the Aircraf t  Nuclear Pro- 
pulsion Program. 

I n  
0 

These dispersion tgpe f u e l  

Because of the intimate admixture of f u e l  and matrix 
material and the small par t ic le  size,& the fuel ,  the tempera- 
tu res  a t ta ined i n  these materials w i l l  be e s sen t i a l ly  ident ica l .  
For t h i s  reason it is  important t o  se l ec t  matrix materials with 
temperature s t a b i l i t y  l i m i t s  a t  least equal t o  those of the 
f u e l .  A review of the melting points of various materials i s  
a good startdng point f o r  such considerations, The m e l t i n g  
points  fclr var4ous materials are shown i n  Figures 2, 3 ,  4 and 5. 
Note t h a t  the highest melting points are exhibited by graphite, 
CertaFn refractory metal carbides, and by tungsten and rhenium, 
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FflSICAL PROPERTIFS OF SOhE TYPICAL URANIUM COMPOUNDS 

Uranium Melting 
Density, Density, Point, 

Campound g/cm3 g/cm3 OC 

W2 10 * 97 10.5 2800 

uc 13 63 12 097 2400 

Vm 14.32 13 52 2885 

UB, E .82 ll.7 241;o 

uB4 9.3 7.9 > 2950 

uc2 11.68 10.61 2400 

US 10.87 9.6 2460 
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Another informative compilation i s  shown i n  Table 2 i n  which 
various chemical elements are arranged i n  order of increasing 
therm1 neutron capt i re  cross-sections. 
(thermal) i n  which non-fissioning neutron capture i s  t o  ba mini- 
mized, those materials wi th  the higher capture cross-sections 
are t o  be avoided despite their high melting points (tungsten, 
tantalum and rhenium, f o r  example). 

Obviously f o r  reactors  

Although melting point and nuclear cross-section are obvious 

reactors  (cross-section can be relaxed considerably i n  fast  
reactor  application) material compatibility, thermal conduc- 
t i v i t y ,  strength, fabr icabl l i ty  and resistance t o  radiat ion 
damage are a l so  important charac te r i s t ics ,  

1 fac tors  i n  the select ion of proper matrix materials f o r  thermal 

2.3 C l a d d i x  

Fuel element cladding is usually used t o  provide protection 
fo r  the f u e l  and matrix material from corrosive a t tack  by the  
reas tor  coolant and t o  contain f i s s i o n  products within the  f u e l  
element. It may a l s o  be employed t o  impart the required strength 
t o  the f u e l  element assembly. I n  view of these three addi t ional  
features,  the fac tors  t o  be employed f o r  se lec t ing  cladding 
material w i l l  d i f fer  t o  some extent from those which apply t o  the 
f u e l  and matrbx materials. The operating temperature of the 
cladding w i l l  c losely approach tha t  of the  enclosed f u e l  and 
matrix, and hence the melting point considerations mentioned above 
w i l l  apply. A l s o  the nuclear cross-section concept w i l l  be impor- 
t an t  since the cladding i s  s o  intimately associated with the fue l .  
A close match of the thermal expansion of the matrix and cladding 
i s  an addi t ional  consideration. 

It is  possible tha t  the cladding material w i l l  be the same as 
the matrix material as was the case i n  the  Aircraf t  Nuclear Pro- 
pulsion Program, Nichrome matrix material - Nichrome clad f u e l  
elements, 
contained UO2 dispersed i n  Be0 and clad with A120 

moisture hydrolysis, I n  t h i s  l a t t e r  instance the matrix material 
was ac tua l ly  the moderator, a technique which,when it can be 
employed, r e s u l t s  i n  reduced reactor s ize .  It is  a l so  worth 
noting t h a t  t h i s  concept forms the d i s t inc t ion  between homogeneous 
and bmtsrogeneous reactors;  f o r  when f u e l  and moderator are 
i n t i m r e l g  
f u e l  elemeiits and moderator represent separate components, the 
construction is  heterogeneous 

I n  t h i s  same program the proposed ceramic f u e l  elements 
o r  other oxides 

t o  provide the necessary protection f o r  the Be0 w f t h  respect t o  

nixed the term homogeneous applies, whereas when the 

Following our discussion of the three segments of a f u e l  
element, we can now appreciate the factors  t o  be considered i n  
se lec t ing  materials f o r  f u e l  element application. A good f u e l  
element must: 

1) have a small a f f i n i t y  f o r  capture of neutrons 
less importance when considering fast reactors  

a 
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2) have the requimd mechanical strength t o  withstand 
the imposed stresses due t o  drag loads  of the  
coolant, vibratory loads due t o  moving coolant and 
the  thermal s t resses  due t o  the thermal gradients, 

have proper high temperature chemical s t a b i l i t y  
( corrosion and compatibility charac te r i s t ics ) ,  

have high thermal conductivity t o  minimize in t e rna l  
thermal gradients, 

have a b i l i t y  t o  withstand radiat ion damage, 

have a b i l i t y  t o  contain f i s s i o n  products, 

be fabricable on a large scale basis, 

3 )  

4) 

5) 
6 )  

7 )  
It i s  a l l  these requirements of a f u e l  element which make 
se lec t ion  an extremely d i f f i c u l t  assignment . material 

The complexities involved i n  the fabr ica t ion  of clad dispersion 
type f u e l  elements are not t o  be overlooked. 
followed i n  the fabricat ion of the concentric ring f u e l  element 
design of the Aircraf t  Nuclear Propulsion Program i s  shown sche- 
matically i n  FIgure 6 *  
shown i n  Figure 7 and a completely assembled car t r idge containing 
18 f u e l  stages i s  shown i n  Figure 8. 

A similar i l l u s t r a t i o n  of the fabricat ion process f o r  coated 
ceramic Be0 f u e l  tubes is  given i n  Figure 9 .  
stages of the  manufacturing process are shown i n  Figure 10. 

The series of s teps  

A close-up view of the f u e l  element i s  

Fuel tubes a t  various 

Neutrons produced i n  the f i ss ion  process by e jec t ion  from an 
h i  h energies of the order of 1 t o  10 atomic nucleus have ver 

mil l ion electron volts fp4evY. In terms of veloci ty  the 10 mill ion 
electron vol t s  corresponds t o  about one-tenth tha t  of l igh t .  Such 
high energy, fast moving neutrons (hence the name ’*b ia s t ”  neutrons) 
have a small probabi l i ty  of being captured by a f u e l  atom and i n  
many reactors  it becomes necesswy t o  slow these neutrons down, 
i . eo ,  decrease their  energy, t o  promote more rapid and more f r e -  
quent captwe of  the neutrons by the f u e l  atoms, 
t o  rapid propagation of the f i s s ion  react ion and tne generation 
of high power dens i t ies  ( i n  f a s t  reactors based on the use of 
fast neutrons no such moderation is  necessary but t h i s  type of 
reactor ,  at  present, i s  less 

This then leads 
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Fig. 6 - Fabrication procedure for nichrome-U02 dispersion type 
fuel elements. 
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Fig. 7 - Concentric ring fuel element. a 

Fig. 8 - Complete fuel element cartridge. 
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Fig. 10 - BeO-UO2 fuel elements at various stages of 
manufacturing process. 



18 

The slowing down process i s  effected by the moderator and i t  
does t h i s  by a sca t te r ing  process (frequent co l l i s ion  of the 
neutrons w i t h  the atom of the noderator). 
( those of low atomic wsight) are  the be, q t  moderators because on 
the average tncy muse the loss of the maximum am0un.t of energy 
at each col l is ion.  As far  as energy lo s s  per co l l i s ion  i s  con- 
cerned, t h e  lighter the  element the b e t t e r  the moderator. The 
neutrons whcse energy has been reduced below 1 ev are called 
"slow" neutrons and those below 0.025 ev which ape i n  thermal 
equilibrium with the sumoundicgs are called therm1 neutrons 
(thermal neutrons a t  room temperature and having an ensrgy of 
0.025 ev have an average velocity of about 

The l i g h t  elements 

times the speed 

Since the function of' a moderator i s  t o  slow a neutron down 

of l i g h t  o r  about 7,000 f t /sec . ) . 7 %io-& 

by a se r i e s  of successive coll-isions, a good moderator should 
absorb very few neutrons. Thus i n  addition t o  being a l i g h t  atom 
and causing high energy l o s s  per co l l i s ion  wi th  a neutron the 
material  must, also have what we c a l l  a low neutron capture cross- 
section. It is this second requirement which precludes the use 
of the l i g h t  elements (na tura l  occurring) lithium and baron as 
moderator materials 

The co l l i s ion  aspect of moderation a l so  suggests a high 
density o r  population of the moderating atoms acd t h i s  defines 
another important property of these materials. 

be made i n  terms of Table 3 *  
A prelimil?arg analysis of p t e n t i a l  moderator materials can 

The nuclear considerations of moderators, while of extreme 
importance, are not the only factors influencing t h i s  materials 
select ion e For example, the co l l i s ion  processes referred t o  
above create  an important thermal problem. The energy l o s t  by 
the high energy neLitrons during co l l i s ion  is  retained by the 
moderator and 'bihlle t h i s  i n t e rna l  power genmation i s  orders of 
magnitudes l a s s  than that ganerated i n  the f u e l  It must never- 
theless  be glven adequate a t ten t ion  i n  design considerations. 
Stated simply the heat t ransfer  charac te r i s t ics  of t h i s  com- 
ponent must bs f u l l y  evaluated and henc3 the  raterial  require- 
ments of the moderator materl.al must be expanded t o  include 
these thermal cherac te r l s t ics  e 

fabricabLlity considerations enable us t o  l i s t  the impcrtant 
character is t ics  f o r  moderator material as: 

These along with s t ruc tusa l  and 

3 )  high density of the moderat-ing eletwnt 



19 

. I  



20 

SOME TYPICAL HEFLECTOR MATERIALS 

I 

Typical 
Thermal 
Reactor 
R e f  l ec tors  

I1 Typical 
Fast 
Reactor 
R e f  l ec tors  

C 

N i  

cu 

Stainless Steel  

Combinations of the I and I1 above can be used 
f o r  thermal or  e p i t h e m l  reactor applications. 
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required temperatwe s tab i l i ty  (melting point, 
vapor pressure, e t c . )  

required radiat ion s t a b i l i t y  

high thermal conduct i v i t y  

adequate mechanical strength 

adequate chemical s t a b i l i t y  o r  capable of being 
clad t o  obtain chemical inertness with respect 
t o  the environment 

good f ab r i cab i l i t y  

function of a re f lec tor  i s  t o  s c a t t e r  back o r  r e f l e c t  as 
many neutrons as possible back in to  the act ive o r  f i ss ioning  por- 
t i o n  of the reactor.  Based on t h i s  function the nuclear require- 
ments of the r e f l ec to r  are esoent ia l ly  the same as those of the 
moderator. 
r e f l ec t ion  of the neutrons, and it must have a small cross-section 
f o r  neutron capture. I n  fast reactors where neutron capture is  
of less concern, the major consideration then becomes the sca t te r ing  
cross-sections, and i n  t h i s  case high atomic number materials such 
as tungsten, molybdenum and even depleted uranium become important 

Table 4. 

It must have good scat ter ing charac te r i s t ics  f o r  

A l is t  of some typica l  re f lec tor  materials is  presented i n  

An in te res t ing  s ide l igh t  i s  worthy of mention at  t h i s  point f o r  
it emphasizes the type of s ignif icant  technical accomplishment which 
i s  prompted by the newly created demands of high performance nuclear 
reactors .  One of the most s ignif icant  metallurgical achievements 
of the GE-ANPD direct-cycle program was the development of high 
temperature hydrogenous moderator materials The s i ze  and weight 
of a thermal reactor  can be decreased by using the moderator with 
the grea tes t  slowing down power. O f  a l l  the nuclides, hydrogen, 
because i t s  mass i s  about equal t o  t h a t  of the neutron, reduces 
neutrons from f i s s i o n  energy t o  thermal energies most rapidlyo 
Thus, i f  the desirable features of small s i ze  and high power 
density are t o  be achieved, the use of a hydrogenous moderator with 
a r e l a t i v e l y  high hydrogen density i s  indica 

centimeter o r  greater  (NH E 4") is  necessary i f  the unique nuclear 
properties of hydrogen i n  the  moderator are t o  be f u l l y  u t i l i z e d o  

Analytical s tudies  have shown that a hydrogen density of 4 x 10 12Bd atoms per cubic 

*NH = number of hydrogsn atoms per cubic centimeter of hydride 
x 10-22, 
expression: 

This quantity can be calculated from the fo l lowing  

where M i s  the metal, pMT& i s  the density of the hydride MHx 
at 70OF, N i s  Avogadrofs number, and A i s  the gram atomic 
weight of hydrogen, 
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En corisidering a l l  the poten t ia l  hydrides and hydroxides f o r  
use i n  a direct-cycle reactoro only zirconium and yttrium hydrides 
a,ppeared a t t rac t ive  from a nuclear, metallurgical, and mechanical 
standpoint. These elements, as i n t e r s t i t i a l  type of hydrides, are 
metall ic i n  behavior and form. 

cross-section of zirconium and the high theore t ica l  NIX of the 
stoichiometric compound ZrH2. Massive forms of reactor-grade 
zirconium were hydrided at  14000 t o  17009, with the resu l t ing  
body remaining in t ac t  and with NH varying from 4.0 t o  6.6, depending 
on the temperature and pressure under which it  was hydrided. 
hydrided material was found t o  have a metall ic character and a 
thermal conductivity equivalent t o  those of the parent netal. 

The improved heat conductivity of the massive hydrided bodies, 
compared w i t h  t h a t  of hydrided bodies prepared by powder metallurgy, 
grea t ly  alleviated the problem of removing moderator heat and per- 
mitted serious consideration of t h i s  type of material as a moderator 
i n  many reactor designs. Ut i l iz ing  these techniques, hydrided z i r -  
conium was transplanted from a laboratory development, t o  manufac- 
tur ing production i n  the period 1957 t o  1959. 
t ion,  cold- and hot-extrusion fabricat ion techniques were developed 
f o r  zirconium which produced hollow hexagonal shapes 4.5 inches 
across the flats, 36 inches long, and 0.50 t o  0.75 inch i n  wall 
thickness. Many hundreds of these shapes were extruded, hydrided, 
assembled, and tested i n  Xeat Transfer Reactor Experiment No. 3 
(HTRE No. 3) Studies on metall ic bonded cladding t o  hollow hexa- 
gons were conducted but t h i s  technique was later abandoned. 
Advanced manufacturing studies on extrusion of zirconium materials 
also prodused inultiholed in te rna l ly  cooled b i f  l u t e  shapes and tri- 
f l u t e  shapes. 

Recent laboratory development work on zirconium hydride tech- 
nology denicrnstrated tha t  with the use of ce r t a in  grain-growth 
inh ib i tc rs  i t  i s  poss5ble t o  make sound massive z-lrcsnium hydride 
bodies t o  N = 6.0 and i n  some cases t o  NH = b06 t o  6.7. 
gasified an8 a t  the same temperature and a t  1 atmosphere of 
pressure, the h drogen contained i n  1 cubic centimeter of z i r -  
conium hydride T w i L h  NH = 6,6) at  1400OF would sccugy 4.7 l i ters  
( a  volume d i f f e r e n t i a l  of' 4'700 t o  1). 

hydrogenous moderators, i t  was determined tha t  yttrium could be 
hydrfded i n  massive form, i n  the s a m e  manner as zirconium, and 
that the thermal conductlvity of yttrium hydride "as considerably 
greater  than the thermal conductivity of the parent metal. I n  
1956 the world s supply of yttrium was measGred i n  grams, while 
the GE-AWD requirements f o r  a, reactor  would be i n  thousands of 
pounds Consequently, a large?-scale rare-earth-cxide chernical 
separation propram was i n i t i a t e d  i n  co-operation with the AEC.  
The basic prcblem was t o  obtain yttrium oxide of high purity,  

Zirconium hydride was studied extensively because of the low 

The 

D u r i n g  t h i s  t rans i -  

If 

I n  an attempt t o  extend t'he operating temperatuses of metall ic 
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par t i cu la r ly  f ree  of ot'ner rare-eart'n oxides (Gd, Sm, Xu, e t c . ) ,  
with high neutron absorption cross-sections Thsough the com- 
bined efforts of Iowa State University, Dow Chemical Conpany, 
Michigan Chemical, the Atomic Energy Commission and GE-AWD, a 
chemical separation process was developed t o  the extent  t h a t  
yttrium metal OP oxide i s  commercially available today i n  thou- 
sand-pound quant i t ies  * 

Exployatory work conducted on hydrided yttrium indicated c l ea r ly  
the superior high temperature hydrogen-retention propert ies  of 
yttrium over a11 other materials tes ted .  
decrease i n  i t s  hydrogen-retention properties above 1 6 0 0 0 ~ ~  but 
yttrium showed a remarkable a b i l i t y  t o  r e t a i n  hydrogen even when 
liquefied at  2400?F0 A t  22009 the hydrogen-retention property of 
yttr ium i s  nearly as great as t h a t  of zirconium a t  160O?F. For a 
nuclear power plant i n  which the moderator temperatures w i l l  exceed 
16009 and reach 2OOOoF o r  higher, yttrium has a marked advantage 
over zirconium. 
and therefore extremely sensitive t o  thermal stress and thermal 
gradients e Metallurgical resolution of t h i s  problsm was at ta ined 
by cladding the hydrided material with Fe-Cr-A1 a l loys  and by 
alloying yttrium with zirconium and chromium. The hydrogen-retention 
propert ies  of yttrium, Y-Zr,  and Y-Cr alloys are compared i n  Figure 
11 as a function of temperature. 
highest yttrium concentration i s  obvious. 

i s  shown i n  Figure 12. I n  assembly the  f u l l  length f u e l  car t r idge 
shown on a previous figure would be positioned within the center 
hole of t h i s  moderator sect ion,  T h i s  construction gives an excel- 
l e n t  i l l u s t r a t i o n  of the heterogeneous reactor  concept referred 
t o  above. 

Zirconium showed a marked 

Hydrided yttrium proved t o  be extremely br i t t le  

The advantage of obtaining the 

A hexagonal shaped moderator f o r  use i n  an APW react,or assembly 0 

4.0 CONTROL EI.iEDEMTS 

Control elements sorve t o  influence nuclear r e a c t i v i t y  by the 
capture of neutrons and the farr;her the  control element i s  inserted 
i n t o  the reactor  core the mope absorption occurs and the grea te r  
the decrease i n  r eac t iv i ty .  These materials, the,mfore, are 
called "nuclear poisons" and aa?e characterized by their  high 
cross-sections f o r  neutron capture, 
t o  be used f o r  reactor  control was cadmium; but it has a very 
low temperatupe l imitation, and f o r  high temperature operation 
it can not be considered. Instead materials such as boron, 
hafnium, europium, gadolini,um, dysprosium and samarium are of 
importance. These materials i n  elemental OF compound form can 
provide the increased operating temperaturjes requized i n  high 
power densi ty  reactors  F'QP example, the four rare-earth oxides, 
europium oxide, gadolinium oxide , dysprosium oxide , and samarium 
oxide, are chemical.ly stable i n  an oxidizing atmosphere t o  tempera- 

One of the first, materials 



24 

6 

5 

” 

4 

1 
0 0 1700 1800 1900 2000 2100 2200 2300 

TEMP E R ATURE, O F  

Fig. 11 - Isobars for hydrided yttrium and two yttrium alloys at 
760 mm Hg. 
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Fig. 12 - Hydrided zirconium moderator. 
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tures  of 170OCZ and above. Long t e r m  t e s t s  a t  16500 t o  175OOC 
i n  a hydrogeii atmosphere! a t  GE-NIWQ, have shown tha t  unclad 
europium and samriun oxides and refractory rnstal cermets con- 
ta ining these oxides mst kc clad t o  avoid reduction of the rare- 
ear th  oxides and subsequent l o s s  due primarily t o  evaporation of 
the suboxide o r  nietalo The rare-earth oxide cerrnets containing 
tungsten, rherdum, tantalum, and molybdenum show v i r t u a l l  
loss  of the rare-earth oxide a f t e r  hundreds of hours a t  1 50% 
when clad w i t h  t'ne molybdenum-50 rhenium alloy. 
tungsten-25 rhenium a l loy  cladding is  being developed, and it is 
expected that  %his w i l l  allow f o r  even higher temperature opera- 
t i on .  

8 no 
Currently 

It might be obvious tha t  there i s  some s i rni lar l ty  be-heen 
control elements and f u e l  elements par t icu lar ly  i n  regard t o  matrix 
and cladding. For exam-le, i n  the case of the rare-earth oxides 
a metal r r - t r i x  is!  employed t o  increase the t h e r m 1  conductivity 
of the control material, and it i s  clad t o  provide corrosion resis- 
tance and s tmctura l  strength although the strength contribution 
made by emplclying the refractory metals as matrix materials i s  
not t o  be overlooked. I n  view of the  above and where applicable, 
material selection procedures f o r  matrix and claddinp material  
must be adcpted, and. i n  general these w i l l  c losely fol low those 
established f o r  matr5x and cladding of the f u e l  elemelnts except, 
of course, t h s t  i n  the  coritrrjl element case the nuclear character- 
i s t i c s  a re  c:mplet;elg d i f fe ren t  - 

A list of some of the possible control elemsnt absorber 
materials i s  shown i n  Table 5, 

Important fac tors  governing the select ion of control e l e m n t  
materials are 83 fo l lovs :  

1) high rieutron capture cross-section 

2)  a b i l i t y  t o  oparate i n  a high nout rm flux f o r  a 
long per-lod of t h e  without losing neutiwn cap- 
ture efPectfveaess owing t o  the burnup of the 
abs orbing i s  0-5 o p  s 

resistance t o  radlat ion damage e f f e c t s  (volume 
change, l o s s  af corrosion resistance,  l o s s  of 
mchanical p r o p r t i e s ,  e t c  ) 

3 )  

4 )  good mechanical- strepgth 

5) gocd theimal sonductivftg 

6) gcod corrosion resistance 

7) ease of  f n b r i c a t i m  
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I n  the case of fas t  reactors, control i s  usually p2ovided by 
var ia t ion of the posit ions o f  the neutron 7.aflee-Lor. ThLs merely 
var ies  t'ne mmber of neutrons which are scattered back in to  tha 
core. Increased ledcage obviously drives the reactor tc'ward a 
subc r i t i ca l  state. I n  th i s  case the material  select ion procedures 
follow those given fora r e f l ec to r  materials 

I n  the design of a nuclear reactor  and i t s  associated equip- 
ment, provision nust be made f o r  the attenuation of escaping 
nuclear radiatiocs by some form of shielding. Not only i s  such 
shielding necessary f o r  the protection of personml, 'nut a 
r e l a t ive ly  high radiation background w i l l  i n te r fe re  with satis- 
factory functiofiing of instmment,s used is various aspects of 
reactor operatlons and control. For mobile OP space applications, 
the weight of the shield i s  of overriding importance. 

The radiations which might escape from a reactor system include 
alpha and beta par t ic les ,  gamma rays, neutrons of various energies, 
f i s s ion  fragments and even protons pesulting from the (n,p)  reactions.  
A s  far  a3 sh ie ld  nuclear design is coneer-ned, imweseT, only gamma 
rays and neutrons need Se considered since these a r e  by f a r  the 
most penat.ratir-- Any twterial which attenuates these radiations 
t o  a suf'ffcient extent w i l l  automatically reduce a l l  the others t o  
negligible proportions Thus, the problem of shielding a reactor  
involves three aspects: 1) slowing down the fast neutrons, 

capturing the slowed- 6 Own, or  i n i t i a l l y  slow, neutrons, and 
absorbing ~ l . 1  fom:3 r ~ f '  radiat ion.  

F o r  slowira down fast rzeutrons, tne elemeEts G f  law mass num- 
ber a re  tho best material-s, and these have beerz prcvi.ously presented 
i n  Sect-lcn 3.0 on modoratom. The s i tua t lon  can be great ly  improved 
by introducing an elezrient ( o r  elements) of f a i r l y  high mass number 
as they are able t a  reduca tho energy of vsrg fast neutrons by 
i ne l a s t i c  col l is ions 

The Rext aspect of yneactor s h i e l d i n g  t o  consider is t h a t  Of 
capturing the olowed-down neutrons This i s  a relat ively Simple 
matter as the probabi l i ty  of i'upther slowl.ng; down and subsequent 
capture is  large sven though the shield does not contain an element 
of fairly large cross-section f o r  the capture of" SLGV neutrons 
It should be nsted that it is  important that  ths capture of the 
neutron should zmt result i n  high energy g a m  radiat ion.  

The t h i r d  and f i m l  aspect; of the shielding proSJ-em i s  the 
absorption of the various g a m  rays, both p r imry  and secondary. 
The energy of these gmma rays is s igni f icant ,  and they are most, 
effectively absorbed by mteri.e,l of hlgh density. It i s  evident, 
therefore, that  the shield consti tuent which semes as the  i n e l a s t i c  
s ca t t e r e r  of r m ~ t ~ c n s  w i l l  also serve as the absorber of gamma 
radiation. 

0 

0 
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From tne &we considerations it is  obvious t'fiat a l l  mteriais 
can function as a shield material t o  a ce r t a in  ex ten to  some of 
the common shield materials are l is ted i n  Table 6 which was a l s o  
presented as Table 1 of Uc tu re  5 and 6, "Shield Physics", 
table the density and relaxation lengths f o r  Bast neutrons and g a m  
rays are given and clearJly show the i r i luence of density on the 
absorption OF g a m  rays. 
of elements are probably needed f o r  compact reactors  f o r  space 
applications i n  which weight i s  of pr9mary importance. Shield 
materials f o r  compact reactors mag contain high concentrations of 
h-ydrogen, l i thium, beryllium, and boron atoms which servo as good 
neutron sca t t e re r s  Y t t r i u m  hydride has the highest hydrogen reten- 
t i o n  a t  elevated temperatures of any usable hydrogenous material 
known. The material has a room temperature hydrogen density com- 
parable t o  water a t  room temperature ( 0 "8511) and i s  comparatively 
stable t o  temperatures of about 12000-1300°Ce Yttrium hydride has 
a fu r the r  advantage i n  that  the high atomic weight of yttrium con- 
t r i bu te s  t o  gamma, attenuation. For higher temperatwe application, 
beryllium oxide and tungsten and/or tantalum may be considered f o r  
neutron-gamma shields.  

I n  t h i s  

It  is a l s o  apparent t h a t  combinations 

Another fac tor  t h a t  i s  s ignif icant  i n  select ion of shield 
materials is related t o  temperature and env i rommt  surrounding 
the shield.  Absorption of radiation releases  heat i n  the shield 
and necessi ta tes  cooling and/or claddl.ngo The cladding may serve 
two functions; one, the protection of the sh ie ld  material, and 
two, t o  r e t a i n  the components tha t  comprise the sh ie ld ,  The prob- 
lems are somewhat akin t o  t'ne problems faced i n  f u e l  element and 
moderator development i n  that  strmctural and compositional i n t e g r i t y  
need t o  be retained. To i l l u s t r a t e  the d ivers i ty  of s ize ,  shape, 
and method of fabr ica t ion  t h a t  m y  be employed i n  shield prsduc- 
t ion,  see Figures 13, 14 and 15. 

6.0 STRUCTURE 

The two pr incipal  s t ruc tura l  components of a reactor  a w  the 
external  pressure shel l  and the i n t e r n a l  core-support s t ructure  
The pmssure shell  may be thermally insulated from the hot core 
and radiation, i n  which ease the problems encountered Pn se lec t ing  
s t r u c t u r a l  materials a re  similar t o  those found i n  se lec t ing  
m t e r i a l s  f o r  a heat exchanger operating at  the  same temperature, 
pressure, and heat t ransfer  ra te .  However, if the pressure shell 
i s  t o  contribute t o  the shielding, energy i s  deposited d i r e c t l y  
In  the shell bg neutron and gamma absorptiori, caxsLng in t e rna l  
heating and thermal s t resses ,  and a s h e l l  cooling system may then 
be required ., Obviously, the shell material strength - deris-hty 
r a t f o  should be as high as possible t o  permit minimum-weight 
pressure shells 
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Density, Relaxation Length, cm 
Material g/cm3 Fast Neutrons Garmna Rays 

L i t h i u m  Hydride 

Water 

Graphite 

Ber ylliwn 

Beryllium Oxide 

Concrete 

0.73 

1.0 

1.6 

1.8 

2.3 

2.3 

7.8 

10 

9 

7.5 

7.5 

ll 

41 

30 

19 

18 

14 

15 

Barytes Concrete 

Iron 

Lead 

Uranium 

Tungs t e n  

3.5 

7.8 

11.3 

18.7 

19.4 

8 

6 

9 

5.6 

5.7 

10 

3.7 

2 -5 

1.4 

1.5 

TAECE 6 

RELAXATION LENGTHS* FOR FAST NEUTRONS AND GAMMA RAYS 

a 

* 
Based i n  part on the high energy radiat ion leaving a la rge  
reactor  core. 

a 
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1 INCH 

Fig. 13 - Hot-pressed beryllia and zirconium boride block 

Fig. 14 - Block of cold pressed lithium hydride and metal matrix 
which may be incorporated in the lithium hydride to  im- 
prove the strength and thermal shock resistance. 
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I’ 

Fig. 15 - 90W-6Ni-4Cu alloy prepared by powder metallurgy 
technique after 100 hour oxidation test at various 
temperatures. 
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The in t e rna l  core-support presents the added pn?obiems of 0 exposure t o  high coolant temperature and nuclear radiation. I n  

thermal r e w t o r s  the conservation of neutrons has been of over- 
r id ing  importance and has resulted i n  primary considerations of 
low cross-section materials, aluminum, magnesium, and zirconium. 

As the operating temperature increases, the corrosion and 
strength become increasingly severe, and higher cross-section 
materials, such as s t a in l e s s  s teel ,  nickel-bass alloys,  niobium, 
and molybdenum, m y  be considered at  the sos t  of f u e l  addit"ion. 

In fast reactors, while the absorption cross-section is  not 
a major problem, the core i s  usually small and the power density 
high; so heat t ransfer  character is t ics ,  thermal stresses, and 
thermal shock resistance are  of primary importance. 

compromise t o  obtain the best combination of nuclear, physical 
and mechanical properties, corrosion resistance,  s t a b i l i t y ,  and 
f ab r i cab l l i t y .  

The select ion of a s t ruc tura l  material i s  usual ly  based on a 

The following comments should serve t o  i l lust rate  some of 
the physical, mechanical, and nuclear properties applicable t o  
some of the s t ruc tu ra l  materials. 

Ma nesium - Well established technology - good strength t o  
0 w e i g b  - low thermal neutron absorption cross-section - 

corrosion resistance and law melting point preclude use at 
elevated temperature , 

Mol bdenurn - Refractorg metal - excellent stpength with gcod 
ductJ  &-Ti-- y a ove lOOOoC - thermal neutron absorption low i n  com- 
parison t o  other refractory metals - oxidizes r ead i ly  a t  tempera- 
tu res  above 500% - e a s i l y  fabricated,  

Nickel - Tocgh - moderately strong - good corrosion resis- 
tance - oxidation r e s i i s t a ~ t  t o  1000°C - neutron absorption higher 
than aus t en i t i c  s t a in l e s s  s tee ls .  

Tantalum - High neutron absorption cross-section - extremely 
refractory - high a f f i n i t y  for  oxygen and nitrogen gases a t  
elevated temperatures and f o r  hydrogen at low and i n t e m d i a t e  
temperatures - fabricat ion and machinability excel lent  - high 
cost  0 

Titanium - Good combination of mechanical strength and 
corrosion resistance - stable against oxidation up t o  700W - 
extremely duc t i le  ~ e a s i l y  fabricated - neutron absorptian 
higher than s t a in l e s s  steels 

Tu s ten  - Sam as f o r  tantalum except t h a t  fabr ica t ion  i s  
*lt and compatibility with hydrogen is excellent 0 
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a Zirconium - Good corrosion properties,  comparable t o  ti-eanlum - 
lower neutron absorptlon cmss-section than titanium - oxidation 
resistance poor above 3OOOC. 

Aluminurn - Weil established technologg - exzellent frormabPlity - 
large supply - low cost  - good nuclear propart ies  - exceller,t heat 
t ransfer  - corrosiozn rzsis tancs  and strength good 2% 10-d zernpsra- 
tures  - low rrelting polnt and strength l i m i t  i t s  usefulness t o  low 
temperatures. 

7.0 REACTOR COOLANTS 

I n  many case3 the select ion of the reactor  C Q O h v l C  is  just  as 
involved as the Selection of materfals of construction f o r  the 
various reactor comgonents I n  these cases ncclear best t r ans fe r  
and f lu id  dynamic considerations usually preva i l  Ln t h i s  selection; 
although, obviously such fac tors  as ava i l ab i l i t y ,  cost, corrosive- 
ness, and ease of handling are also important. It i s  a l so  possible 
t o  ident i fy  cer ta in  instances wherein the coolant is  specified, 
and no f l e x i b i l i t y  whatsoever hs allowed i n  coolant select ion.  
For instance, i n  the direct-cycle reactor f o r  a i r c r a f t  propulsion, 
a i r  cooling i s  i . m p G s s d  and must be accepted. Sl.mila,rlg,  i n  a, 
reactor f o r  nuclear rockst application, thrust-to-weight considora- 
t ions,  i n  terms of spec i f ic  impulse, d ic t a t e  tne  w e  oL’ hydmgen; 
and although some compromise may be made i n  t h i s  Instance, the 
spectrum of potent ia l  coolants i s  d r a s t i c a l l y  narrowed 

operating envh-onment f o r  many, and i n  some cases a l l ,  of the 
reactor coinpoxnts e 

d u r e s  must await coolant ident i f icat ion,  fcr as mentioned previously, 
materials which might pcrdform psr fec t ly  in orLe enviromnent might 
be t o t a l l y  inadequate in mother .  
considerations of corrosiwoness of the atmosphere with respect t o  
spec i f ic  mtem?ial.s, an i t e m  of equal importance concerns the e f f ec t  
of atmosphere on ma-tezlial propert ieso 
received only l?-mtted a t tent ion;  but as higher and h,igher reactor 
operating temperatures a re  puzsued and required, i t  becoraes one Of 
our major considerations 

Whether the coolant i s  selected or imposed, i t  determines the 

For this reason a l l  u t e r h l  select ion proce- 

I n  addition t o  t h e  primar~y 

This lattefi subject has 

Based on the foregoing discussion it kias bee=  see^ t h a t  the 
select ion of materfizls f o r  use Ln regctor zompomnts is cletemlned 
i n  large measuiw by the degrez to which these mterials are 
possessed of’ cer ta in  propersties It a l s o  s%.,ould be recognized 
by now tha t  the d i f fe ren t  components have d i f fe ren t  praperty 
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requirements but t ha t  i n  each case we can specify the exact nature 
of the des i r ed  c h a r a ~ t e r ~ i s t i c s  e We should quickly acknowledge a t  
t h i s  t im  thaugh th&t  while writing the prcqerty specifications 
may be a f a i r l y  simple task we should not i n t e rp re t  t h i s  as an 
admission tha t  numerical values f o r  a l l  these properties are ava i l -  
able. Indeed property measurercent represents one of the  many 
imgortant phases of materlals technology, and it is well t o  point 
out that a t  t h i s  moment the property measurements necessary t o  the 
accurate assesstmnt of the  true poten t ia l  of the highest m e l t i n g  
point materials f o r  reactor application are the subject of many 
research programs i n  numerous laboratories throughout the country. 

Some appreciation of t.he magnitude of the property measurement 
program may be gained by a brief reference t o  a list of the spec i f ic  
properties usually required i n  a materials evaluation program. Such 
a l is t  i s  shown below, Now a knowledge of a l l  these properties i s  
not necessary t o  the design of every reactcr ,  but t h i s  l i s t f n g  
w i l l  serve t o  indicate the scope of i n t e r e s t  f o r  a materials 
engineer engaged i n  thi? evaluation of materials f o r  nuclear reactor  
operation. 

Tensile Properties - m e  t ens i le  properties a re  obtained from a 
test  i n  which the specimen i s  loaded i n  tension u n t i l  rupture occurs. 
During t h i s  test the loads and corresponding s t r a i n  (elongation) 
are recorded t o  y ie ld  a s t ress -s t ra in  curveo 
s t r a i n  curve is  shown below. 

A ty-pical stress- 

1 Ten_sile s t rength 

t 
m m w 
d 
B 
VI 

I 

4 

STRAIN - 
‘Yield strength 

extension (usually 0.270) 

From such a t e s t  the following t ens i le  properties can be obtained: 

a 
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a) Modulus of E l a s t i c i t y  -e The modulus of e l a s t i c i z y  is  the 
slope of the l inear  portion OF the curve and is  obtained by dividing - - 
the- s t r a i n  increment- i n to  the stress i.ncremnt 

b)  

c )  

Proportional L i m i t  - The proportional l i m i t  represents the 
departure Yrom the s t ra lght  l i ne  relat ionship 

Yield Strerigth - Of much greater  p rac t i ca l  importance i s  
the yield strength, which i s  defined as the stress a t  which some 
predetermined amount of permanent s t r a i n  occum, usGally O.@. 

that  the material sustains i n  the t ens i l e  test .  The deformation up 
t o  t h i s  maximum s t r e s s  i s  e s sen t i a l ly  uniform. Beyond the point of 
maximum load, continued pul l ing of the specimen r e su l t s  i n  loca l  
deformation u n t i l  f racture  occurs. 

d )  Tensile Strength - The t ens i l e  strength i s  the m a x i m u m  stress 

e )  Poisson's Ratio - The r a t i o  of the transverse contraction t o  
the longxtudinal elongation of a specimen strained below the e l a s t i c  
l i m i t ;  e ssen t ia l ly  a statement of constancy of volume during deforma- 
t ion.  

O B  

B D  

D E  

E F, 

t 
I 
I 
I 

t = Rupture t l  'me I 

I 
C = Total elongation 1 

I 
I 0 

Time - 
i s  the instantaneous elongation on application of 
load. 

i s  the f i rs t  stage of creep, deformation i s  rapid, 
decreasing t o  a steady rate as a function of t i m e .  

is the time during which creep cont imes  a t  a 
steady ra te ;  t h i s  i s  the second stage of creep. 

t h e  t h i r d  stage, i s  a period of accelerat ing 
deformation with time u n t i l  q p t u r e  occurs e 
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f >  
f r a c t u r e T n i i C a r i t a i n  stress e 

mined whers large deformations are pamiss ib le  
baing fracture 

Stress-RuptilyEt - ~trass-ruptwre is t ke  tiae necessalag t~ 
This property i s  n o m l l y  deter- 

the l imit ing feature  

g) F a t i  e Psopertles - The fa t igue ts3-t i s  used t o  study the 
reslstance -+ o mgms t o  f a i h m  under conditf.ons of many cycles of 
reversed stressi-ngo 
recorded a t  various stress levels 

The number of cycles necessary f o r ' - f a h r o  i s  

h )  Reduction J.n Area and Elo a t i o n  - A measurement of the 
+fracture) am a measure of reduction in ares anZXLowatioxl - - 

d u c t i l i t y .  

i> co r sss ion  Properties - CompressSon tests are the opposite 
of tensLE?ests, and p r o p a e s  can be obtained which are similar 
t o  those tension: modulus Qf e l a s t i c i t y ,  p r G p 0 P t i O n a l  l i m i t ,  
yield strength, e t c .  

Hardness - Hardness i s  a measure of 5b:e resLstance of a 
material t o  ind entat ion by an indenter of f ixed p,eomt;ry under a 
s t a t i c  load A useful  relationship e x i s t s  betweex hardness and 
t ens i l e  strengt'r! f o r  a number of metals, and thu3 hardness testing 
my serve as an excellent t oo l  f o r  inspeetion arid control work, 

C r e e  - Creep is  a term agplied t o  the gradual p l a s t i c  
d e f o m t * E n  of a metal, usually a t  elevated temperatures, when it 
1s subjected . t o  01 rPs1ativsl;g low stress, Creep of metals occurs 
i n  three '  stages as indicated above Howeuer a creep test need 
not be csntinaed3beyond the second stage, since the pu~pose  of 
the creep test is  t o  determine creep ra+,e, 

1) 
W i l l  wlt-n 5 %  w3335-u allure during a specified mmber of cycles 
of stress. 

j )  

k )  

F a t i  Je Strer t h  - is t h e  m a i m u m  strass which the material  

m)  

n) T h e m 1  E arision - Different materials exparrd d i f f e ren t  

Solid objects e,xpand EL ce r t a in  f m c t i o n  of the ip  length f o r  each 
degree rise i n  temperature, TIUS each material has a coeff ic ient  
of l i n e a r  egar ,s ion which gives the f rac t fona l  Ghange %I length 
f'or each d e g i w m e  in tsmpex,tume 

Endurance L i m i t  - i3 the stress below which no fallme is 
expected i n  a millLon-Eyclas @r more. 

amounts i l i i s a t e  + an37ontrac.t I n  the same way when cooled. 

0) Themi%l Cmductivftg - All substsnces do not  t r ans fe r  heat 
by conduztion a t  €EF-%ke ra te .  The amount of heat whYch can be 
conducted from one place -Lo ansther in a given time is  measured by 
conductivity. It is  the t i m e  ra te  of transfer of' heat by coriduc- 
t ion,  through u n i t  thickness, ackaoss uzzit are3 fop u n i t  difference 
of temperature ., 
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expresse 
foe t  0 

p)  - Mass per un i t  volume of material; usually 
as grams per cubic centimeter o r  pounds per cubic 

required t o  cause s o l i d  t o  

r )  

s )  

Vapor Pressure - Equilibrium pressure exerted by the  

Heat Capacity - Amount of heat required t o  r a i se  the 

material  a t  a g2vSFEinperature 

temperature OF a u n i t  mass of material by one degree; usually 
expressed as BTU/pc~und-% or calories/gram-°C e 

t )  Compatibilit - Refers t o  the a b i l i t y  of materials t o  

u )  Chemical S t a b i l i t y  - Refers t o  a l l  phases of chemical 
behavior and may even include chemical compatibility covering 
resistance t o  a t tack  by other materials oap environments and 
resistance t o  dissociation on heating. 

be r o l l e ~ ~ c h i m d ,  d r i l l e d ,  molded o r  otherwise formed 
i n t o  d e s i r e d  geometry. 

a l tered upon exposure + o nuclear radiation; includes changes i n  
physical dimensions arid a l l  property values 

the tnaterlal s t ruc tme  the f i s s i o n  products produced i n  +,he 
nuclear f i s s ian  process e 

f racture  the stressss-Lnduced by operating temperatu.ra gradients; 
per t ins  t o  steady s t a t e  temperature gradients as well as t ransient  
gradients dl.ning temperature cycling 

test  01- =n-&X;fnnding the modulus of rupture I s  the 
bending moment a t  f rac ture  divided by the sect ion modulus. 

aa> Nuclear Cmss-Section - Defines the probabi l i ty  of the 
reaction of the m a t e r G i i i i  a. ce r t a in  type of rad.fation 
(neutron o r  gamm ray) ; includ.ss captlire, elastic and i n e l a s t i c  
s c a t t e r h g ,  transp:2rt, act ivat ion and resonanw, e t c  

bb) General JYuclear Characterist ics - Refers to number of 
isotopes rormeci, h a l f z m T  tb eye isotopes, decay sche-me of 
radioactive isotopes, bet3 End gama energy releasd i n  decay 
process, e t c  e 

be i n  con 4 ac w QU interact ing.  

v )  Fabricabi l f t  - Refers t o  the a b i l i t y  of a material t o  

w) Radiation Dam e - Extent t o  which material nature i s  

x )  Fission Product Retention - Abil i ty  t o  retain within 

y) Thema1 Stress  Hesistsnce - Abil i ty  t o  resist without 

z )  Modulus of Ruptwe - Nominal stress a t  f r ac tu re  i n  a bend 



APPENDIX A 

A s  a fur ther  guide t o  one who may be required t o  become more 
familiar with reactor materials, the following references should 
be reviewed. 

Reactor Handbook, Second Edition 
V o l u  1, Materials 
Interscience Publishers 
1962 

Principles of nuclear Reactor Engineering 
Glasstone 
V a n  Nostrand 
1955 

Midclear Rocket Propulsion 
Evssard and W'iauer 
McGraw H i l l  Book Campany, Inc. 
1958 

Neutron Absorber Materials For Reactor Control 
W. K. Anderson and J. S. Theilucker 
U.S. Atomic Energy Commission 
Naval Reactors, Division of Reactor Development 
Washington, Superintendent of Documents 
1962 

b't-rrls Handbook, 8th Edition 
Volume 1, Properties and Selection of mterials 
American Society of Metals 

High Temperature Materials 
R. F. H e h h m  and G. M. A u l t  
John Wiley & Sons, New York 
1960 

Reactor Shieldhg Design Msnual 
T. R.  Rockwell 
TID- 7004, U S . Governnent Printing O f f  ice ,  Washington, D . C . 
Wrch 1956 

Rzactor Mater ia ls  Propert ies ,  S. J. Paprocki and 
R,E.Dickerson,  Nucleonics, Vol. 18, No.  11, November, 1960 

Aerospace Engineering 
Issue,  Vol. 22., No. 1.  

January 1963 , High Temperature  
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GlGSSary of Nuclear Terms 

Absorber - A mater ia l  which has a high a f f i n i t y  f o r  neutrons, absorbing them 
, without f isslon. (See “Ccntrol Rod” and “Shielding1’, ) 

Alpha ray - (alpha pa r t i c l e )  A yositively-charged pu- t ic le  consisting of two 
neutrons and tvo protons. 

Atomic mass - Generally the 1385s of an atom i n  atomic- mass units, based on the 
mass of m oxygen atom which is  valued a t  1.60 
equal to the  total of protons and,neutrons i n  the nucleus of an atom. 

Atomic mass is approximately 

Atomic number 
element, each element having a character is t ic  nurnber. 

The number of protons (positive charges) i n  the nucleus of an 

-24 2 Barn - A uni t  area (10 cm ) f o r  describing nuclear cross sections. 

Beta ray - Negatively - o r  positbvely-charged electrons emitted by cer ta in  
radioactive materials. 

Burn up - ( 5  depletion) The percentage of a fissionable material used as f u e l  
, which is destroyed by f i ss ion  o r  capture, compared t o  the or ig ina l  quantity 

of that fissionable material present, 

Capture cross-section, neutron ..I A number applied t o  a nucleus describing i t s  
The higher re la t ive  a f f in i ty  f o r  absorbing neutrons without fiscioning, 

the cross-section, the greater  the a f f i n i t y  f o r  neutrons. 

Chain reacticn - In nuclear physics, t h i s  term refers  t o  the f i s s ion  of an atom 
which caases f i ss ion  of ot.her nuclei which, i n  turn, cause more f iss ion,  e-& e 

Cladding - This  term refers .to a th in  layer, usually of metallic material, which 
covers a solid f u e l  element i n  a reactor t o  prevent corrosion in  the presence 
of the coola&, and to  prevent escape of f i s s ion  products, 
coating. 

Sometimes called 

Closed cycle ... A method of operation which u t i l i z e s  a material repeatedly, such 
as i n  the cooling system of a nuclear reactor, i n  which the coolant i s  
repeatedly cycled through %he reactor core, the heat exchagers,  and back 
t o  the reactor core, withou’i removal from the  system, 

Control rod - A rod made of or  containing materials of high capture cross section 
(usually boron o r  cadmium) which .controls the neutron f lux  i n  a reactoro 
Movements of the control rods i n  the reactor core change the  reac t iv i ty  of 
a reactor and can make a reactor subcri t ical ,  c r i t i c a l ,  o r  supercrit ical .  

Coolant - A l iquid or ges f o r  cooling.reaetor parts, par t icu lar ly  the fuel;  the 
medium by which the heat generated within a reactor is drawn from the  
reactor. 

Core Refers usually t o  the f u e l  assembly o r  fuel-moderator assembly i n  a nuclear 
reactor; the  section of a reactor containing the f iss lonable  material. 
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C r i t i c a l  - The state of Q reactor when a self-sustaining chain reaction has j u s t  
been achieved ( the  zero-power s ta te  1 . 

Cr i t i ca l  experiment - The study of the neutron behavior in a reactor assembly t o  
determine c r i t i c a l  mass, control rod effectiveness, etc.  The studies a re  
made a t  and below c r i t i c a l i t y  (see "Crit ical") 

Cr i t i ca l  mss - The minimum mass of fissionable material  in  a nuclear reactor 
. necessary t o  achieve a selq-sustaining chain reaction. 

Deuterium - An isotope of hydrogen, with a nucleus of one neutron and one proton; 
knows as "heavy hydrogen",, 

Elast ic  co l l i s ion  - Collision of par t ic les  with no loss of k ine t ic  energy, resu l t -  
ing i n  Q mutual  deflection-of the  par t ic les .  

e 

Elast ic  scat ter ing - Scattering of par t ic les  by e l a s t i c  coll ision, i.e., without 
any loss of kinet ic  energy. 

Electron - A negatively-chaxged, subatomic par t ic le  of mass equal t o  9.107 x 10 -28 
, gms. The outer she l l  of an atom comprises electrons spinning about  the 

atomic nucleus . 
Enriched material - Nuclear f u e l  containing m r e  than normal content of a radio- 

ac t ive  isotope. 
of $35 isotope present ia natural uranium. 

Usually re fers  t o  uranium containing m r e  than the 0.7% 

Fast neutrons - Neutrons resul t ing f r o m  f i s s ion  t h a t  have l o s t  re la t ive ly  l i t t l e  
of t h e i r  energy; energies exceeding approximately 0.1 MeV. 

Fission fragments - The nuclei of l igh ter  elements resul t ing from the f i s s ion  of 
a heavier element. 

Fission poisons - Fission fragments which absorb neutrons unproductivcly; 
especially used fo r  those having high absorption cross-sections. 

Fission products - This  term refers  to the isotopes of elements, usually radio- 
active,  ranging i n  atomic number between approximately 34 t o  58, resul t ing 
from the f i ss ion  of a heavy element such as uranium o r  plutonium. , 

Fuel - Fissionable material used i n  nuclear reactors f o r  the production of energy. 

Fuel eLement - Nuclear f u e l  i n  a part icular  shape o r  configuration, usually clad 
t o  protect the active portion from corrosion, and t o  prevent f i s s ion  product 
escape e 

Gamma ray  - A short-wave radiat ion emitted by some radioactive abms; energies 
usually ranging between LO Kev and 10 MeV. 

Half-life - The length of t i m e  required f o r  the radioact ivi ty  of a substance t o  
decrease t o  half of i t s  or iginal  ac t iv i ty .  

Heavy water - Water i n  which the ordinary hydrogen i s  replaced by i t s  heavy 
isotope, deuterium; used as a moderating material. 
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UeZastic collision - Collision of B r t i c l e s  i n  which there i s  net  kinet ic  
energy change due t o  internal  energy changes. 

Inelas’cic scattering - Dispersion of par t ic les  i n  various direc-t;ions ( sca t te r ing)  
caused by ine las t ic  coll ision. 

Intermediate neutrans - Kinetic energies greater than t h a t  of t h e r m l  neutrons 
b u t  less than t h a t  of fast neutrons, ioe. ,  energies of approximately 1 to 
105 ev. 

I r radiat ion - The exposure to radiation. 

Moderator - A material of l o w  a*arclc mss and low capture cross section, used 
f o r  slowingi - down (moderating) the speed of neutrons (by col l is ions) .  

Neutron .= An elementary par t ic le  wi th  mss number 1, b u t  having no e l ec t r i ca l  
charge . 

Nuclear reactor - Essentially an arrangement of fissionable material, coobat ,  
moderator, and shield, designed f o r  maintaining a nuclear chain reaction. 

Open cycle - A method of operation which u t i l i z e s  a material only once, such as 
i n  the cooling system of a nuclear reactor i n  which the coolant passes 
through the core of the reactor only once and is then discarded. 

Poison - Any material which absorbs neutrons unproductively; especially those 
, having high absorption cross-sections. 

Proton - An elementary, -positively charged par t ic le  of xmss number Po 

Radiation daswge .I Deleterious changes i n  the s t ructure  and physical properties 
of materials resul t ing from.nuclear radiation. 

Reflector - A material surrounding the core of a nuclear reactnr, and designed 
to r e f l ec t  neutrons, t h a t  otherwise would escape, back into the core. 

Safety rod - A special  control rod cf a nuclear reactor used to stop the chain 
reaction rapidly i n  case of emergencyo 

Shield .. A ~ S B  of dense radiation-absorbing material surrounding the core of a 
reactor, raking approach t o  the reactor r e l a t ive ly  safe. 

Shim rod - A control rod used f o r  ntart-up and shut-down of a reactor, and 
controlli?zg large eLilu3unts of reac’civity, 

Slow neutrons - (thermal neutrons) Neutrons which have l o s t  most of t h e i r  f i s s ion  
energy because of i m p a c t  w i t h  atoms i n  w a t e r  o r  other moderators, and have 
energies below about 1 ev., 

Thermal cross-section - The capture cross-section of a nucleus of thermal o r  
slow neutrons 

Thermal neutrons - (slov neutrons) - Neutrons having kinet ic  energies of 
about 0.025 ev. 
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TEST TEMPERATURE (OF) 
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. . Fig.19 
YIELD STRENGTH OF SIX REFRACTORY METALS FROM -200 TO 1000'C 
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'Fig. 16 
ULTIMATE TENSILE STRENGTH OF SEVEN REFRACTORY METALS 

FROM -200 TO 100O'C 

, $  
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TEST TEMPERATURE (OF 1 

500 1200 1600 ZOO0 2400 2800 3200 
Fig. 20 

YIELD STRENGTH OF SIX REFRACTORY METALS FROM 800 TO 3000.C 

TEST TEMPERATURa ('C) 

Fig. 17 
ULTIMATE TENSILE STRENGTH O F  SEVEN REFRACTORY METALS FROM 

800 TO 3000°C 
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_-. 
TEST TEWPERAlURL - % 

Fig. 21 
ELONGATION VERSUS TEST TEMPERATURE FOR S M  REFRACTORY 

METALS FROM -200 to 1006'c 
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ELONGATION OF SIX REFRACTORY METALS FROM 800 TO 3000 ' C  
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Fig. 23 
TllERMAL CONUUC'I'IVITY AS A FUNCTION OF TEMPERATURE 
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F i g .  24 - Thermal  conductivity of polycrystall ine oxides 
co r rec t ed  to theoret ical  density. 
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Fig. 25 - Therma l  conductivity of polycrystall ine oxides co r rec t ed  
to theoret ical  density. 
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Fig. 26 
THERMAL EXPANSION AS A FUNCTION OF TEMPERATURE 
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Fig.18 - High t e r n p e r a h r e  s t rength of 
several. materials. 
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Fig. 27 - T h e r m z l  expansion coefficient and melting points 
of the elemerlts. 


